I INTRODUCTION
This work had two essential motivations. The first was to complement a series of heavy ion experiments [1, 2] , in order to understand the production mechanism of high energy γ rays at intermediate energies. The argument for this motivation is as follows. If the production mechanism for high energy γ rays in heavy-ion experiments is nucleon-nucleon bremsstrahlung, then the (p,γ) reaction producing γ rays above the GDR (Giant Dipole Resonance) should serve as a check of such bremsstrahlung mechanisms [3] . If the mechanism is uncontaminated by competing mechanisms then (p,γ) reactions could serve as a calibration of the bremsstrahlung mechanism in other reactions. The unique feature of proton induced reactions is the fact that in these reactions the system accesses a vastly different kinematic region than heavy ion collisions, especially near the kinematic limit for the production of the γ. What we discovered was that there was significant contribution from other reaction mechanisms, particularly the direct-semidirect (DSD) mechanism discussed below.
The second motivating factor was the attempt to extend our understanding of the DSD reaction mechanism for capture to unbound final states observed in the 89 Y( p,γ) reaction with 19.6-MeV protons. A DSD model with direct E1, E2, and E3 and semidirect E1 radiation was developed to reproduce the data for an experiment performed at TUNL [4] . The model has worked quite well in explaining the data, both at 19.6 MeV and the higher energies in the present work. However, the DSD model, in combination with a Hauser-Feshbach calculation, underpredicts the yields in the range of 15-18 MeV. This result suggests that additional multistep processes may be necessary.
II EXPERIMENTAL DETAILS
The measurements were performed at the University of Washington Nuclear Physics Laboratory. The proton beam was delivered by the Tandem Van de Graff/Superconducting Linac combination. The proton beam bombarded Cu, Ag and Au targets. These targets were chosen to extend the systematics of photon production in these systems from the work of the Grenoble group at 72 and 168 MeV [7, 8] , respectively. The targets were relatively thick (approximately 5 mg/cm 2 ) freestanding metal targets. The beam was bunched and chopped so that time-of-flight could be utilized to separate the high energy γ rays from high energy neutrons. Absolute normalization was accomplished by means of a Faraday cup. Angular distribution data were taken at eight angles for the gold target and six angles each for the silver and copper targets.
Two types of detectors were used to detect the high energy γ rays. These were a large (25.4 × 38.1 cm) NaI spectrometer and two large volume (14.5 × 17.0 cm) BaF 2 spectrometers. The construction of these detectors was very similar. The central crystal was surrounded by an active anticoincidence shield, passive lead shielding, and neutron shielding between the crystal and the target. The anticoincidence shield served two purposes: first, it vetoed cosmic rays (a large source of background in this type of experiment) and second, it allowed for the veto of any events which might partially leak out of the detector, thereby improving the line shape characteristics of the detector. The solid angles for the NaI, BaF 2 #1 and BaF 2 #2 were 78.5, 57.5 and 51.76 msr, respectively.
The detectors were energy calibrated before and after the main data taking, using the reaction 11 B(p, γ 0,1 ) at proton energies of 7.25 and 14.3 MeV. These reactions yielded γ rays with energies of 18.2, 22.6, 24.7, and 29.1 MeV. In addition, the calibration was checked periodically during the data acquisition process by the use of 12 C(p, γ 0 ) at 34 MeV, which produced γ rays with energies 33.3 and 28.9 MeV from the γ 0 and the γ 1 decays, respectively. These frequent checks assured that the gain of the detectors was stable throughout the course of the measurements.
The absolute efficiency-solid angle product, dΩ, of the detectors was determined by measuring the absolute resonance yield for the reaction 12 C(p, γ 0 ) at 14.25 MeV, and comparing this value to the measurement of Marrs et al. [9] . This measurement allowed the determination of the absolute efficiency at a γ ray energy of 15.1 MeV. In order to use the measurements of Marrs et al. as the basis for efficiency calibration at other energies, Monte Carlo simulations were carried out. These simulations showed that the total efficiency of the detectors was nearly constant with energy, while the "accept" efficiency, defined by those events not in coincidence with the plastic anticoincidence shield, falls off exponentially as function of energy above 15.1 MeV. The exponential slope of the "accept" efficiency was obtained from the measurement of the accept-to-total ratio for the γ rays from 11 B(p,γ 0,1 ) at various incident proton energies.
As mentioned above, events from cosmic rays constituted the major source of the experimental background in these measurements. Approximately 98-99% cosmic rejection was obtained in the region of interest by using the active anticoincidence shield. Additional cosmic ray rejection was obtained by using a pulsed beam. Because of the narrow time window (2 ns) of the γ rays and the time between beam bursts of 240 ns, an additional two orders of magnitude in rejection of cosmic rays was achieved. Random cosmic ray background was subtracted in the offline analysis. Two additional sources of background, high energy neutrons and γ rays from beam-related events other than the beam striking the target,were rejected by time-of-flight (TOF).
The data were acquired using an MBD-11 computer which read the ADC's and QDC's. The MBD-11 handed the data to a VAXstation 3100 which was responsible for histogramming the data and writing the data directly to the hard disk, through the program XSYS. The master gate of the electronics was an "OR" between the NaI and the two BaF 2 detectors. Each of the detectors had an "accept" and a "reject" route based upon the absence or presence of a coincidence with the plastic anticoincidence shield, respectively. The TOF spectra were gated with the same "accept" and "reject" routes as the energy signals. All data were placed in twodimensional spectra (energy versus TOF) for offline analysis. The average data acquisition dead time was 2%.
The data were analyzed in a two-dimensional manner using the energy versus time-of-flight spectra. Narrow time gates were determined for the γ ray peaks and also for the random background. The data were then replayed and put into one-dimensional energy spectra. The spectra for the random background were then subtracted from the spectra from the prompt γ rays, yielding the raw energy spectra. These raw spectra were converted to doubly differential cross sections by using the values for the measured efficiency, the target thickness, and the total integrated charge in the Faraday cup. An example of the data, for the Au target, is shown in figure 1 . This figure shows that the measurement is reasonably consistent for each of the detectors. The small differences in the yields are the result of the differences in the response functions of the three detectors; the spectra have not been corrected for these differences in efficiency. The spectra are relatively featureless. An important feature of the observed yield is that the kinematic limit (i.e. upper energy limit) for the production of the γ rays is accessed. This corresponds roughly to the region just above the "knee" at the upper end of the spectrum. We will display the angular distribution in section III.
III CALCULATIONS
Two types of calculations were performed, and before comparing with the data the calculations were convoluted with the response functions of the detectors. The first calculation was a modification of the nucleon-exchange transport model used for heavy ion interactions [3] . This model assumes that the γ rays are produced by nucleon-nucleon bremsstrahlung, specifically proton-neutron bremsstrahlung. The bremsstrahlung was calculated both classically and quantum mechanically. The quantum mechanical calculations were determined by fits to the calculation of Cassing et al. [5] ; the procedure for this is found in ref. [1] . The calculations of the photon yield in this model were carried out using both diffuse and sharp momentum distributions for the target nucleons. The results of these calculations are shown in figure 2 for the Au case. As is clearly seen in this figure, these calculation do not reproduce the absolute yield or the shape of the angular distributions.
The second type of calculation is based on a direct-semidirect model which originally incorporated direct E1, E2, E3 and semidirect E1 radiation to calculate capture to unbound final states [4] . This DSD model is supplemented by a HauserFeshbach calculation, which is the predominant source of gammas below approximately 15 MeV. The combined model worked well at 19.6 MeV incident energy for 89 Y( p,γ) in reproducing the yield as well as the angular distributions and analyzing powers [4] . The present calculations were undertaken to ascertain whether the model works well also at higher energies. For the new calculations, convectivecurrent direct M1 and M2 radiations were added. These extra multipolarities were shown to have a significant effect on the angular distributions, particularly at forward angles, although the effect on the angle-integrated cross section was small. In 
